Introduction
The term multiferroicity, originally designed for systems having simultaneously at least two different primary ferroic orders (ferromagnetism, ferroelectricity or ferroelasticity) [1] , is presently being used in a quite different sense, namely as synonym for the simultaneous presence of any kind of magn etic ordering and ferroelectricity. If the two phenomena are caused by independent physical mechanisms with different transitions temperatures, one speaks of type I multiferroicity, while the materials where the ferroelectricity is induced by the magnetic order are called type II multiferroics [2, 3] .
In type II multiferroics the induction of ferroelectricity by the ordered spins has been attributed at the atomic level to different mechanisms depending on the material [4] . But in all cases the ferroelectric polarization can be considered a side effect of the symmetry break caused by the magnetic ordering. Type II multiferroics can be considered to be part of the socalled improper ferroelectrics, where the spontaneous polarization is a secondary degree of freedom unclenched by the symmetry break. Its nonzero value originates in its symmetryallowed linear coupling with some power of the actual order parameter [5] . According to Neumann's prin ciple [6] any magnetic ordering in an insulator that breaks the symmetry from a nonpolar to a polar magnetic point group can have some improper ferroelectricity. Therefore magnetic phases appropriate for type II multiferroicity can in principle be identified by just checking the symmetry break accompa nying the magnetic ordering [7] . Of course, the magnitude of the expected spontaneous polarization cannot be predicted from symmetry considerations, and it may be very weak. But to our knowledge the majority of insulating magnetic phases fulfilling a nonpolar/polar symmetry break have evidenced, when investigated, some observable ferroelectricity.
Most of the reported magnetic structures are 'singlek' magnetic phases. This means that the Fourier spectrum of their magnetic spin arrangement includes either a single wave vector, the socalled propagation vector, and in some cases odd harmonics of it. One can consider singlek structures both those where k and −k are equivalent through a reciprocal lat tice vector of the parent phase, and those where both k and −k are necessarily present in the magnetic spin wave as distinct nonequivalent wave vectors. The propagation vector, easily observable in diffraction experiments, partially determines the magnetic symmetry and drastically reduces the possible symmetries of a singlek magnetic structure. In this context, we have recently developed computer tools to determine and explore all possible symmetry breaks consistent with a known commensurate propagation vector. These tools are freely avail able online at the Bilbao Crystallographic Server (www.cryst. ehu.es) [8] . Using the results of the systematic application of these programs to different examples, we present here sym metry conditions for the parent space group and the magnetic propagation vector that can lead to a break into polar sym metry. We show that the knowledge of the propagation vector is often sufficient to infer a high probability of (and in some cases to predict univocally) a polar symmetry for the magn etic ordering. Thus, elementary data as parent space group, Wyckoff positions of magnetic atoms and propagation vector permit to identify those magnetic materials having favourable conditions for being type II multiferroics. In particular, we demonstrate that a nonsymmorphic space group symmetry of the paramagnetic phase in conjunction with some propaga tion vectors is one of these favourable scenarios. The com mensurate type II multiferroics reported up to now are briefly reviewed under this perspective. Finally, a set of reported magnetic structures, which fulfill the symmetry conditions for being type II multiferroics, but have not been yet investigated from this viewpoint, are pointed out.
Polar magnetic symmetries due to the incompatibility of the propagation vector with some screw or glide operation
The propagation vector of a singlek commensurate magnetic ordering defines the set of translations and antitranslations that are maintained by the spin arrangement, i.e. it determines the black&white lattice of its magnetic space group (MSG), also called Shubnikov group [8] [9] [10] . This MSG must be a subgroup of the grey MSG of the paramagnetic phase, and in general its consistency with this kdefined lattice reduces the number of possible MSGs to a small finite set. The enu meration and identification of all these possible MSGs is a welldefined bounded mathematical problem. The program kSUBGROUPSMAG at the Bilbao Crystallographic Server solves it for any parent space group and any reasonable com mensurate propagation vector [8] . The possible magnetic symmetries for a given propagation vector are obtained and classified in a hierarchical way according to their groupsubgroup relations, and then, the corresponding models for the magnetic structure can be derived using other programs of the server [8] .
It is an empirical fact that most of the reported magnetic structures fulfill a principle of minimal symmetry break (or maximal magnetic symmetry), in the sense that they tend to keep as much symmetry as possible, and therefore their symmetry is usually given by one of the larger subgroups of the grey parent symmetry group that are possible for the active propagation vector. Therefore, the group-subgroup hierarchy of possible magnetic symmetries obtained with k SUBGROUPSMAG can be considered a descending hierarchy for the probability of being physically realised. The upper most subgroups, what we call kmaximal symmetries [8] , can be taken as the most probable symmetries for the magnetic structure. The assumption of a kmaximal symmetry is closely related with the assumption of a single active representation (irrep) for the magnetic order, but they are not equivalent (see [8] for a detailed discussion of their relation).
Through the systematic exploration of the possible magn etic symmetries for a given propagation vector one can observe some general conditions that favour a nonpolar/polar sym metry break. . kcompatible symmetries are shown as subgroups of the parent grey MSG using standard BNS labels [8] [9] [10] . Only one MSG for each equivalent conjugacy class is shown. Magnetic point groups are indicated below each MSG. (Obtained with kSUBGROUPSMAG [8] ).
kmaximal symmetries one of them breaks the inversion center and is polar along the monoclinic axis. This contrasts with the results obtained for the same propagation vector, but with parent space group P2 1 /m (for the magnetic atom lying at the origin) depicted in figure 1(b) , where all kmaximal MSGs are centrosymmetric. One can conclude that in the case of a magnetic phase with P2 1 /c parent symmetry and propagation vector (1/2,0,1/2), the possibility of having a polar phase, with the polar direction along b, is high, while in the case of the P2 1 /m parent symmetry, the inversion center cannot be broken. In fact we will see below that in the first case, the centrosymmetric subgroup does not allow magnetic ordering of all magnetic atoms, if those sit at the special Wyckoff posi tions 2a, 2b, 2c or 2d, and therefore in these cases, the break into polar symmetry is obliged for a full magnetic order.
This simple example shows how the knowledge of the propagation vector can be determinant for assessing the pos sibility of type II multiferroicity. In this example, it is the incompatibility of the wave vector with the c glide plane that makes the difference between the two cases. The incompat ibility of the magnetic wave vector with some glide plane or some screw axes is in fact one of the general scenarios that favour the existence of a nonpolar/polar symmetry break. This incompatibility can be explained in the following way:
Consider a spin arrangement with a commensurate propa gation vector k, such that nk is a reciprocal lattice vector of the paramagnetic phase, with n being an even integer. Such type of magnetic order maintains the lattice translations {1|L} of the paramagnetic phase that satisfy exp(i2πk·L) = 1, but it also keeps the antitranslations {1′|L} of the grey symmetry of the paramagnetic phase that fulfill exp(i2πk·L) = −1 (for the employed notation see [7, 8] ). The MSG describing the sym metry of the magnetic phase must be consistent with this set of translations and antitranslations. If it were not the case, the magnetic arrangement could not be explained as a magnetic ordering with a single propagation vector [8] . This implies strong restrictions for glide planes or screw rotations. Let us take for instance any pair of symmetry operations, say {R|t} and {R′|t}, of the parent grey MSG associated with the para magnetic phase, and that only differ by the combination or not with time reversal. If m is the order of the operation R, then {R|t} m = {1|L}, with L a lattice vector of the paramagnetic phase. If {R|t} is a glide or a screw operation, t is necessarily different from zero, and also L, for any possible t. Therefore the preservation of any operation {R|t} would also neces sarily imply the maintenance of the lattice translation {1|L}, while if instead {R′|t} is kept, then {1|L} or {1′|L} should also be part of the MSG, if m is even or odd, respectively. Thus, both symmetry operations {R|t} and {R′|t} are nec essarily lost if m is even and if the kvector of the magnetic ordering is such that exp(i2πk·L) ≠ +1 Similarly, both sym metry operations {R|t} and {R′|t} are necessarily lost if m is odd, and exp(i2πk·L) ≠ +1 or −1. Hence, for example, the screw rotations {2 001 |0 0 1/2} and {2′ 001 |0 0 1/2} (m even) are not compatible with a propagation vector k = (0 0 1/2), and the symmetry operations {3 001 |0 0 1/3} and {3′ 001 |0 0 1/3} (m odd) are not compatible with a propagation vector k = (0 0 1/3). This incompatibility can occur for all possible translations t in the set of operations {R|t} and {R′|t} and in this case a point group symmetry reduction is obliged, with the disappearance of the operations R and R′ from the resulting magn etic symmetry. The space inversion cannot be lost by this mech anism, but it can become incompatible with the presence of other symmetry operations, which, if alternatively kept, can give place to polar symmetries. This incompatibility between wave vector and some rotational operations can only happen for operations with an intrinsic nonzero translations, i.e. glide and screw operations.
Coming back to our example, i.e. a magnetic ordering with propagation vector having k z = 1/2 on a parent phase with space group P2 1 /c (b unique axis), this kvector implies the preservation of the antitranslation {1′|0,0,1} and the trans lation {1|0,0,2} with a duplication of the unit cell along c, and the breaking of the lattice translation {1|0,0,1}. On the other hand, the grey group corresponding to the paramagn etic phase includes a c glide plane and its combination with time reversal, i.e. the operations {m 010 |0,1/2,1/2} and {m′ 010 |0,1/2,1/2}. As {m 010 |0,1/2,1/2} 2 = {m′ 010 |0,1/2,1/2} 2 = {1|0,0,1} (see figure 2 ), the preservation of any of the two operations is incompatible with such propagation vector. The same argument is valid for the operations {m 010 |0,1/2,3/2} and {m′ 010 |0,1/2,3/2}, etc. Therefore the glide plane is neces sarily broken and the system can either keep the two fold axis or the inversion center, but not both. Thus, the possible MSGs are very limited, as shown in figure 1(a) . A similar situation occurs for the propagation vector k = (0,1/2,0) and the same parent space group. In this case, it is the two fold screw rotation that becomes incompatible with the propagation vector, and again only two possible kmax imal symmetries are possible (see figure 3) , one of them being polar on the ac plane. This scenario, favourable for multiferro icity, with an unavoidable symmetry break of the point group symmetry, contrasts with the case k = (1/2,0,0). This wave vector does not have any incompatibility with the screw or glide operations and can therefore keep the whole point group symmetry of the parent phase. As shown in figure 4 , the set of possible magnetic symmetries is then much more numerous, with the four possible kmaximal symmetries keeping the cen trosymmetry; actually they maintain the whole point group, 2/m1′, of the parent phase, and if the magnetic atom lies at a centrosymmetric site, the centrosymmetry of the structure is necessarily maintained for any arbitrary spin configuration.
From the viewpoint of representation analysis, symmetry breaks with respect to the pointgroup symmetry of the propa gation vector k of the magnetic ordering may be obliged in the case that the associated small irrep is multidimensional. Even for very low symmetries, small irreps for some wave vectors are necessarily multidimensional if the space group is nonsymmorphic. This is what happens in the example above, where one can see that the small irreps of P2 1 /c with wave vector (0,1/2,0) or (0,0,1/2) are 2D, while those for (1/2,0,0) are 1D. The symmetry argument using MSGs is however more general, and includes for instance, cases as k = (0,1/4,0), for which the small irreps are 1D for example both for a symmor phic P2/m or a nonsymmorphic P2 1 /c parent space group. Because of the reasons explained above, if the parent space group is P2/m, the pointgroup symmetry 2/m of the pair (k, −k) can be kept in the magnetic phase, but if instead the parent space group is P2 1 /c this pointgroup symmetry is nec essarily broken.
Effect of magnetic atoms at special Wyckoff positions. Monoclinic and orthorhombic examples
The fact that the magnetic atoms often lie at special Wyckoff positions of the paramagnetic structure is an additional factor that can favour a polar magnetic symmetry. If for instance, the magnetic atom sits on a site with point group symmetry −1 in the paramagnetic phase (−11′ considering its full magn etic symmetry), this site can split into orbits with local sym metry −1 and −1′, if the inversion operation is maintained in the MSG. The magnetic moment must be zero at sites with −1′ symmetry, and therefore keeping space inversion will not be compatible with the presence of magnetic order at all magnetic sites. Therefore, full magnetic order is only compatible with the noncentrosymmetric arrangement with the alternative polar symmetry (see for instance figure 3 of [8] where the particular case of HoMnO 3 is graphically sum marized). This is what happens also in the example above with parent space group P2 1 /c, where only special positions with site symmetry −1 exist. Table 1 lists the possible kmaximal symmetries for all parent Plattice centrosymmetric mono clinic space groups and the most frequent propagation vectors (i.e. symmetry points at the border of the Brillouin zone), with the resulting constraints for special Wyckoff positions.
One can see that, because of the mentioned −1, −1′ split ting, if space inversion is kept, magnetic atoms at Wyckoff sites 2a, 2b, 2c or 2d, which have site pointgroup sym metry −1, can only be fully magnetically ordered according to a polar MSG in the case of propagation vectors incompat ible with some of the screw or glide operations. In contrast, sites 2e or 2f, with site point groups m1′ or 21′ depending on the space group, split in the case of the polar MSGs into orbits with m and m′ site symmetries (or 2 and 2′), and therefore magnetic atoms at these sites must have magnetic moments with different directions, precluding a collinear magnetic ordering. One can then infer that for magnetic atoms at these noncentrosymmetric sites, if exchange interaction is domi nant, polar symmetry will be unfavourable and the alterna tive centrosymmetric symmetry, where the spin arrangement can be collinear, is more probable. It should be noticed how ever that in the case of the parent space group P2 1 /c, magn etic orderings with propagation vectors either (0,1/2,1/2) or (1/2,1/2,1/2), break both the screw rotation and the glide plane, and the only possible maximal pointgroup symmetry of any magnetic ordering is reduced to −11′. As shown in table 1, in such cases centrosymmetric collinear ordering is also possible for 2a, 2b, 2c or 2d sites.
From the above consideration it becomes clear that some propagation vectors in conjunction with some non symmorphic parent space groups, specially if the magnetic atoms sit at some special Wyckoff positions, favour the symmetry break into polar symmetries and therefore the occurrence of type II multiferroicity. Orthorhombic systems are specially favourable for this scenario, and it can indeed be identified in many of the known orthorhombic commensurate type II multiferroics. This is the case for instance of the compounds RMnO 3 (R = Ho, Lu), with parent space group Pnma and k = (1/2,0,0) [11, 12] , or the family RMn 2 O 5 (R = Dy, Gd, Pr), with parent space group Pbam and k = (1/2,0,0) [13, 14] , whose symmetry was discussed in [8] . Table 2 lists the pos sible kmaximal magnetic pointgroup symmetries for three representative orthorhombic nonsymmorphic space groups Table 1 . Possible maximal magnetic pointgroup symmetries resulting from magnetic orderings on a parent structure with a Plattice centrosymmetric monoclinic space group (first column) and having as propagation vector a symmetry point at the border of the Brillouin zone.
Only the cases where the maximal point groups are lower than the one of the parent phase (2/m1′) are indicated. Besides each symmetry, Wyckoff positions that cannot be fully magnetically ordered or cannot order collinearly under it are indicated with the symbols '≠ ' and 'nc:', respectively. Polar symmetries are highlighted with bold characters. (Results derived using MAXMAGN [8] ). Propagation vectors having equal results are indicated in the same column. Possible maximal magnetic pointgroup symmetries resulting from magnetic orderings on a parent structure with space group Pmma, Pbam or Pnma and having as propagation vector a symmetry point at the border of the Brillouin zone. SG 
Only the cases where the maximal point groups are lower than the one of the parent phase (mmm1′) are indicated. Wyckoff positions that cannot be fully magnetically ordered or cannot order collinearly under one pointgroup symmetry are indicated with the symbols '≠' and 'nc:', respectively. The point groups that force polar symmetries for some Wyckoff positions are highlighted with bold characters. (Results derived using MAXMAGN [8] ).
(Pmma, Pbam and Pnma), and a propagation vector at one of the symmetry points of the Brillouin zone. Their compatibility with the Wyckoff positions is also indicated. One can see that as in the monoclinic case, the location of the magnetic atoms at centrosymmetric Wyckoff positions can favour polar magn etic symmetries over centrosymmetric ones, while magnetic atoms at other Wyckoff positions can favour the maintenance of space inversion, if collinear order prevails. For the parent space group Pmma, the pointgroup symmetry reduction, if it exists, is the same for all propagation vectors, with the polarity along c. But for the other two parent space groups in table 2, the polar direction depends on the direction of the propagation vector, and can be even extended to the plane bc or ac (see parent Pnma with propagation vector (1/2,1/2,1/2)). Tables 1  and 2 have been derived using MAXMAGN [8] . This program provides for any specific parent structure and any commensu rate propagation vector, the possible kmaximal MSGs and the models for the corresponding spin arrangements, with their symmetry constraints, orbit splittings, etc.
Dependence of the symmetry break on the non-magnetic atoms
Although the location of the magnetic atoms at special sites can favour a polar symmetry for the magnetic structure, it is important to realise that a fundamental part of the symmetry reduction is sometimes caused by the positions of the non magnetic atoms, while the actual spin arrangement, if consid ered alone, has in fact a higher nonpolar symmetry. This is illustrated in figure 5(a) , where the magnetic structure of the double perovskite Lu 2 MnCoO 6 [15] , a known type II multi ferroic, is shown with and without the nonmagnetic atoms, and their corresponding MSGs are indicated. Its parent space group is P2 1 /c, the Mn and Co atoms sit at positions 2c and 2d, and the propagation vector is (1/2,0,1/2). This material has been reported to be multiferroic, as expected from its sym metry P a 2 1 , with point group 21′, in agreement with the gen eral results summarized in figure 1(a) and table 1. However, the virtual structure formed by the magn etic atoms alone has a higher centric symmetry, given by the MSG P c 2 1 /c, with point group 2/m1′. Therefore, the polar character of this phase, and its magnetically induced ferroelectricity paradoxically relies on the nonmagnetic atoms, which reduce the parent symmetry and as a consequence also the symmetry of the magn etic phase. Lu 2 MnCoO 6 is also an example of the need to avoid naive misconceptions coming from considering the form of the spin arrangements only at a local level, and the convenience of applying rigorous symmetry arguments that include the whole structure. The structure of Lu 2 MnCoO 6 has Mn-Co chains along the c direction with a spin configura tion ++−−, and this kind of chains, are known to be polar along the chain direction. In fact, they are considered as a typ ical example of a spin configuration yielding electric polariza tion along the chain, via exchange striction [4, 16, 17] . Based on these considerations the measured electric polarization in polycrystalline samples of Lu 2 MnCoO 6 has been assumed to be directed along c [15] . But in fact the monoclinic b direction is the polar direction of this magnetic structure, as shown in figure 5 (a). This means that the possible direction of the polar ization is perpend icular to the spin chains. These spin chains are in fact interrelated by binary rotations around the b axis, and the possible polarization along c resulting from exchange striction within each chain cancels out when summed for the two symmetryrelated chains within a unit cell. As stressed in the figure, the chains of magnetic atoms are even related by space inversion at (1/4,1/4,1/8). It is only the presence of the nonmagnetic atoms at positions of lower symmetry that reduces the symmetry of the system and makes it polar. Another example of the importance of nonmagnetic atoms for spin driven ferroelectricity is the case of HoMnO 3 [11] , with parent space group Pnma, Mn atoms at 4b and propa gation vector (1/2,0,0) (see figure 5(b) ). The symmetry of its magnetic structure is given by the polar MSG P b mn2 1 (point group mm21′), as one would expect from the rules summa rized in table 2. But the Mn atoms alone form a spin arrange ment whose MSG, if considered isolated, would be C a mca (point group mmm1′). The nonmagnetic atoms are therefore necessary to break the inversion symmetry and yield a polar magnetic symmetry. This means that the exchange striction mechanism assumed to be at the origin of the observed spon taneous electric polarization, would be impossible without the asymmetry of the superexchange constants caused by the non magnetic atoms. In general, the nonmagn etic atoms reduce the parent symmetry and as a consequence also the resulting symmetry of the magnetic structure. 
Other favourable symmetry scenarios for type II multiferroicity
The incompatibility of glide and screw operations with some propagation vectors also applies to structures that belong to crystalline classes with higher symmetry than those of mono clinic and orthorhombic systems. There are examples where this incompatibility can make that very symmetric propaga tion vectors paradoxically yield drastic symmetry breaks. For instance, a propagation vector k = (0,0,1/2) on a tetragonal parent phase with parent space group P4 1 
In general, however, the larger number of symmetry opera tions in the parent space group often yields that all kmaximal magnetic pointgroups remain nonpolar, despite some of them being noncentrosymmetric because of the incompat ibility of some operations with the kvector. As an example, figure 6 compares two parent space groups with the same pointgroup symmetry 4/mmm1′ and the same propagation vector. In both cases the incompatibility between the propaga tion vector and the b glide plane yields noncentrosymmetric kmaximal symmetries, but in one case they are polar and in the other not, depending on the parent space group.
Therefore, for high symmetries the incompatibility of some screw or glide operations with the propagation vector does not lead to simple general rules. In such cases, one can however derive the kmaximal subgroups and all possible kcompat ible magnetic subgroups with tools such as MAXMAGN or kSUBGROUPSMAG [8] , and this permits to detect in a straightforward way situations that are susceptible of yielding a polar magnetic phase from only the knowledge of the para magnetic structure and the active propagation vector. One can distinguish among these favourables cases several types of scenarios, which we describe below, taking as examples the symmetry properties of some wellknown multiferroics.
Some of the k-maximal magnetic symmetries are polar
This is the situation that may result from the incompatibility of the propagation vector and some screw or glide operations, as discussed in previous sections, but the existence of kmaximal polar symmetries can also happen for other reasons. This is the case of the multiferroics Ba 3 MnNb 2 O 9 [19] , Ba 3 Nb 2 NiO 9 [20] and Ba 2 CoGe 2 O 7 [21] . For instance Ba 3 MnNb 2 O 9 has parent space group P-3m1, propagation vector (1/3,1/3,0) and the Mn atoms are located at 1b (0,0,1/2). The number of non equivalent kmaximal MSGs are: P-31m′, P-3′1m′, P-3′1m, P-31m, P31m′ and P31m. The two last ones are polar along the c direction, and therefore the possibility of a minimal sym metry break into polar symmetry is already there. But among the other four maximal symmetries, two, namely P-3′1m′ and P-31m can be discarded as they force the site 1b to have zero moment. In addition the subgroup P-3′1m splits the magn etic site into two, with one of the sites constrained to zero moment. Therefore although it cannot be fully discarded, this symmetry can be considered less favourable, as it does not allow the magnetic ordering of all magnetic atoms. We are therefore left with only three possible maximal symmetries that allow magnetic order of all magnetic atoms, and two of them are polar (see figure 7) . One of them (P31m) is in fact the one realized in Ba 3 MnNb 2 O 9 . The index of this subgroup with respect to the parent symmetry is 12, and therefore 12 is the number of different domains to be expected. Figure 7 shows only the spin arrangement corresponding to one of them. The equivalent configuration obtained by application of the lost space inversion corresponds to a domain with oppo site electric polarization. The remaining domains are trivial as they can be derived by transformations with the lost lattice translations (antiphase domains) and/or time reversal (oppo site spins). It is remarkable that the alternative maximal MSG P31m′ shown in figure 7 allows a ferromagnetic component (FM) along c, and therefore a weak FM can be expected for this spin arrangement. One can therefore infer that a magnetic field along c may stabilize this alternative phase. It is impor tant to note that again here the polar character of some of the maximal symmetries fully depend on the nonmagnetic atoms, which reduce the symmetry of the structure. The spin arrange ments in figure 7 as isolated entities are all centrosymmetric.
A very similar scenario to Ba 3 MnNb 2 O 9 can be found in Ba 3 Nb 2 NiO 9 [20] . In this case, the propagation vector is (1/3,1/3,1/2). This means that the magnetic symmetry nec essarily has antitranslations and therefore the point groups include time reversal. This forbids the existence of ferro magnetism in all cases, but again there are three possible k maximal symmetries, and two of them are polar.
Another example of a multiferroic with its symmetry being a kmaximal MSG is the case of Ba 2 CoGe 2 O 7 [21] , where the parent space group P-42 1 m is already noncentrosymmetric, and this is the fundamental reason behind the existence in this case of a kmaximal polar symmetry. For k = (0,0,0) and the Co atom sitting at 2a [(0,0,0) and (1/2,1/2,0) positions], four kmaximal symmetries are possible: two are tetragonal and nonpolar, with the spins along the c direction, and two are orthorhombic (Cm′m2′ and P2 1 2 1 ′2), with the spins on the basal plane. The polar point group symmetry m′m2′ appears therefore as one of the four possible ones and is the one real ised in this compound.
Some maximal irrep epikernels are polar
In many cases, magnetic phases fulfill the Landau assumption that the magnetic order parameter transforms according to a single irrep of the parent symmetry group. But for multidi mensional irreps different MSGs can be realized depending on the direction taken by the magnetic order parameter. These possible alternative MSGs for a single irrep are called irrep epikernels, being the irrep kernel the minimal MSG corresp onding to an arbitrary direction of the order parameter [8] .
Usually the magnetic symmetry realized in the magnetic phase is one of the possible irrep epikernels of maximal sym metry, i.e. a maximal irrep epikernel. All kmaximal MSGs are maximal epikernels for one irrep (trivially fulfilled in the case of 1D irreps), but the reverse is not true, and there can be maximal irrep epikernels for multidimensional irreps that are not kmaximal.There are cases where all possible kmaximal symmetries are nonpolar, but one of the irreps that can be active in the magnetic ordering has as possible maximal epik ernel [8] a polar symmetry. This means that a spin configura tion according to this irrep, despite its tendency to maximize the broken symmetry, has a high probability of realizing a nonpolar/polar symmetry break. This the case of Cu 2 OSeO 3 [22] , where the parent space group is P2 1 3 , and the active Possible kmaximal symmetries resulting from a magnetic ordering having propagation vector (1/3,1/3,0) on a parent structure with space group P-31m and the magnetic atom at Wyckoff position 1b. A scheme of the spin arrangement corresponding to each symmetry is also shown. In the case of the MSG P-31m′, the 1b site splits into two; this is graphically stressed with two different arbitrary spin values. The MSG P31m′ allows a FM k = 0 component along c, not shown. The graphic shows the MSGs of the full structure including also the nonmagnetic atoms. The spin arrangements, considered isolated, have all higher centrosymmetric MSGs.
irrep is the 3D mGM4, at k = 0. The epikernels of this irrep, i.e. the possible invariance subgroups of the grey group P2 1 31′ that can be maintained by an order parameter transforming according to this irrep are: P2 1 ′2 1 ′2 1 , R3, P2 1 ′ and P1. These irrep epikernels follow the group-subgroup hierarchy shown in figure 8(b) [23] . Therefore, one of the two maximal sym metries that can result for this irrep is the polar R3, which is the one realized in Cu 2 OSeO 3 . In this part icular case, the intrinsic symmetry of the spin arrangement is not higher, and the polar character of the magnetic ordering does not depend on the nonmagnetic atoms. Epikernels of magnetic irreps for k = 0 of centrosymmetric groups are in most cases centro symmetric. In this example, the fact that the parent symmetry, although nonpolar, lacks space inversion is a fundamental feature that favours the existence of a polar irrep epikernel.
Reduction to polar symmetry by symmetry incompatibility of different magnetic sites
This is the situation in LaMn 3 Cr 4 O 12 , which has been recently reported as multiferroic [24] . This double perovskite, with chemical order both in the A and B sites, has as parent sym metry the cubic space group Im-3 and a ground state phase where both Mn and Cr are magnetically ordered with a propa gation vector (1,1,1) . The Mn atoms sit at the site 6b while the Cr atoms at 8c. The possible MSGs for each of these sites are shown in figures 9(a) and (b). In both cases, space inversion is preserved by any spin ordering, the minimal symmetry being P s -1. But the preserved inversion centers have different loca tions depending on the site. In the case of a magnetic order in the 8c site, the inversion center is at (1/4,1/4,1/4), while in the case of the 6b site, it is the inversion center at the origin that is preserved. There is no common subgroup in the subgroup graphs shown in figures 9(a) and (b). Thus, the presence of magnetic order on both sites should yield a symmetry given by the intersection of two subgroups, one taken from each graph. Space inversion is therefore necessarily broken. All the pos sible symmetries when both sites are magnetically ordered, are shown in figure 9(c) . From the viewpoint of representa tional analysis, the magnetic representations for the 8c and the 6b sites do not have any common irrep, and therefore magn etic order on both sites necessarily implies the superposition of two different irreps, with a symmetry reduction resulting from the intersection of their corresponding epikernels.
The case of Ca 3 Co 2−x Mn x O 6 , with parent symmetry R-3c, magnetic atoms at 6a and 6b, and k = (0,0,0) can also be clas sified within this scenario: all kmaximal subgroups allowing full magnetic order either at 6a or 6b are centrosymmetric, but if magnetic order should be present on both sites, the possible maximal symmetries reduce to three, namely R-3c′, R3c or C2/c. One of them is therefore polar along c, and it is the sym metry of the magnetic structure that has been observed [17] .
Site symmetry incompatibility forcing the presence of more than one irrep for the existence of magnetic order at all magnetic sites can also happen in cases where the parent structure has only a single symmetryindependent atomic site. This is the case of La 2 O 2 Fe 2 OSe 2 [46] (see next section).
Survey of the symmetry properties of known type II multiferroics and of some potential ones
We have shown that the knowledge of the parent structure and the magnetic propagation vector of a magnetic phase can be sufficient for identifying singlek magnetic structures with a high probability of exhibiting type II multiferroicity. Table 3 presents a comprehensive list of the materials that are known to be type II multiferroics, extracted from the MAGNDATA database [8, 25] . From the 19 compounds (or family of com pounds), 16 can be assigned to one of the favourable sym metry scenarios that have been described above. In most cases, there exist polar symmetries among the kmaximal ones, and the reported structure corresponds to one of them (case (i) in the previous section). In general, these polar kmaximal sym metries are the result of magnetic arrangements transforming according to a single multidimensional irrep, but with the spin irrep basis functions combined in a specific form corresp onding to a polar irrep epikernel. In a few cases, no kmaximal symmetry is polar, but one of the possible active irreps has some maximal epikernel of polar character, and the multifer roic phase corresponds to its realization (case (ii)). Finally, in three cases, the magnetic atoms occupy two different sites with some incompatibility on their maximal symmetries, and the symmetry reduction into a polar symmetry is due to the intersection of the kmaximal symmetries allowed for the dif ferent magnetic sites (case (iii)).
The compounds RMn 2 O 5 (R = Ho,Tb) [26] , with parent Pbam space group and k = (1/2,0,1/4), require a special com ment. These systems can be readily identified as being pro pitious for type II multiferroicity due to the incompatibility of the propagation vector with the parent screw binary axis along a. This incompatibility causes that two kmaximal symmetries are polar among the possible six ones, both with point group m2m1′ (see figure 10) . The polarity in both cases is along b, which agrees with the experimental observation. However, the magnetic structures proposed for these phases have a much lower symmetry, namely a subgroup of one of the polar kmaximal ones: a subgroup with MSG C a m and point group 11m1′, which in principle would have an induced electric polarization in a general direction on the plane ab. The assumption of a single active irrep does not introduce in this case any restriction on the spin configuration, as there is only one irrep possible for this propagation vector. From the viewpoint of magnetic symmetry, however, the irrep spin basis modes for this wave vector can combine with different constraints and yield magnetic orderings fulfilling any of the various magnetic symmetries enumerated in figure 10 . As the traditional representational method does not control magnetic symmetry and the assumption of a single irrep does not introduce any constraint, the magnetic structures reported for these two compounds were obtained introducing only ad hoc restrictions on the spin degrees of freedom. In view that the observed polarization is consistent with an orthorhombic point group m2m1′, it may be worth to revisit these structures and explore in a systematic way the possible models corresp onding to the higher symmetries indicated in figure 10 , spe cially the one corresponding to the MSG C a mc2 1 , which would be consistent with the observed macroscopic proper ties. A similar situation occurs in the case of the magnetic structure reported for BiMn 2 O 5 . The Mott insulator GeV 4 S 8 [32] has also particular interest. In table 3 we have considered as parent structure its cubic phase at room temperature, but a structural transition into a ferroelectric phase, previous to the magnetic ordering, has been reported [38] . Hence, strictly speaking this multi ferroic should be considered of type I, with the ferroelectric instability being independent of the magnetic one. However, the four possible kmaximal subgroups of the parent cubic symmetry are all polar. This means that independently of the presence of the intermediate ferroelectric phase, the magnetic ordering also breaks the symmetry into the polar one. The system is bound to have some spin driven polariza tion, despite having an intrinsic ferroelectric distortion. This is quite exceptional in type I multiferroics and situates this material in an intermediate class, having some of the features of type II multiferroics, and for this reason it is included in the table.
There are only three multiferroics in table 3 where the reported break into polar symmetry could not be inferred from the value of the propagation vector. One of them (DyFeO 3 ) is a phase stabilized under magnetic field [27] , and therefore it is outside the framework of the symmetry arguments discussed here. The other two multiferroic phases (HoFe 3 (BO 3 ) 4 [28] and Cu 3 Mo 2 O 9 [29] ) are the result of the superposition of spin modes corresponding to two different irreps. Although in both cases there are several magnetic sites, no symmetry incompatibility forces the lowering of the symmetry to those reported, and some supergroups would also be posible. In HoFe 3 (BO 3 ) 4 (parent space group P3 1 21 , k = (0,0,1/2)) one of the active irreps (mA3) has in fact polar epikernels with MSG C c 2, which would restrict the polari zation to be along the <1,0,0> direction. This is in fact the MSG of the magnetic structure that has been reported for the similar compound YFe 3 (BO 3 ) 4 [28] (see table 4 ). But in the case of HoFe 3 (BO 3 ) 4 the reported magnetic structure has only P s 1 symmetry, i.e. it only keeps the antitranslation associated with the propagation vector. However, it seems that a com parative refinement controlling the symmetry and imposing the possible higher MSG C c 2 has not been attempted. The case of Cu 3 Mo 2 O 9 is also intriguing, since below T N the elec tric polarization appears along c [29] , but none of the several models proposed for the magnetic structure [30, 31] are con sistent with this observation. Two possible polar structures have been considered in [30] , but their polar direction would be either a or b. The symmetry break in these two materials can therefore be considered exceptional and their reported properties have controversial features. For this reason they deserve to be reinvestigated.
Among the more than 360 commensurate magnetic struc tures stored in MAGNDATA, apart from the known type II multiferroics discussed above, one can identify some addi tional structures having a nonpolar/polar symmetry break. These materials, in the case of being insulators, can be consid ered potential multiferroics of type II. They are summarized in table 4. Four of the seven cases fulfill one of the favourable symmetry conditions discussed above, the polar symmetry being a kmaximal symmetry (two cases) or at least an irrep epikernel (one case). The second case (La 2 O 2 Fe 2 OSe 2 ) fits into the third scenario with a site symmetry incompatibility forcing a further reduction of the symmetry in the case of magnetic order on all magnetic sites.
The symmetry break in YFe 3 (BO 3 ) 4 has already been men tioned above as contrast to that of HoFe 3 (BO 3 ) 4 . Although this family of compounds has been intensively investigated because of its magnetoelectric properties, to our knowledge there exist no report yet of spin driven ferroelectricity in YFe 3 (BO 3 ) 4 . The nickelates RNiO 3 (R:Nd,Pr) have been reported to have a charge ordering transition that decreases its para magnetic space group to P2 1 /c [39] and with this alternative parent symmetry they are included in table 3 for HoNiO 3 [40] . The magnetic structures of these two compounds were how ever originally reported without considering any monoclinic distortion [35] , and the propagation vector is along a dif ferent direction than in HoNiO 3 [40] . The reported magnetic ordering for these two compounds implies a polar/nonpolar symmetry break and induced electric polarization should be expected along the b axis of the Pbnm setting of the parent symmetry. This is one of the favourable cases listed in table 2, with a kmaximal polar symmetry. Therefore, in contrast with the case of HoNiO 3 listed in table 3, the symmetry reduction of the parent phase due to charge ordering does not play a determinant role in the polar character of the spin ordering in these two compounds.
The compound Na 2 MnF 5 has P2 1 /c as parent symmetry and a propagation vector (0,1/2,0). It is therefore a realiza tion of the case represented in figure 3 and listed in table 1. The Mn atoms occupy the sites 2a and 2b, and as indicated in table 1, full magnetic ordering requires the break of space inversion, with m1′ as maximal pointgroup symmetry. This is indeed the symmetry observed in the magnetic arrangement that has been reported [41] , and therefore, one can expect to observe type II multiferroicity, if the magnetically induced electric polarization is large enough.
The case of La 2 O 2 Fe 2 OSe 2 [46] , although having semin conducting properties, has been included in the table because of its very special symmetry restrictions. The Fe atom occu pies a single 4c Wyckoff position of the parent space group I4/mmm, but one can easily check that no possible irrep for the observed propagation vector allows a nonzero magnetic moment at all Fe sites. Full magnetic order therefore requires the presence of at least two irrep distortions, with the pos sible resulting MSGs being polar in all cases, even for col linear arrangements. This nonpolar/polar symmetry break can therefore be considered among those predictable from the knowledge of the propagation vector and the parent structure. Table 4 includes three cases where the parent structure and the propagation vector does not seem to have specially favour able features for a symmetry break into a polar magn etic phase. In two of these structures (CsCoBr 3 [43] and NiTa 2 O 6 [44] ) the polar symmetry occurs because of the unpredictable presence of two irreps in the magnetic ordering. The case of Cs 2 CoCl 4 [45] is rather peculiar. With Pnma as parent space group and propagation vector (0,1/2,1/2), it is one of the favourable scenarios listed in table 2, but with the exception of magnetic sites 4c, for which the polar maximal symmetry forces a noncollinear arrangement with orthogonal spins. The Wyckoff position occupied by the Co atoms is in fact 4c, and therefore the alternative centrosymmetric kmaximal MSG, which allows collinearity, would be more favourable. The structure reported for Cs 2 CoCl 4 indeed deviates only slightly through a small canting from a centrosymmetric col linear arrangement. It is this weak canting that reduces the symmetry further to the polar kernel of the active 2D irrep. This is one of the very few cases where the structure realized by a multidimensional magnetic order parameter does not cor respond to one of the maximal irrep epikernels. The magni tude of this canting component is however close to its standard deviation. As the authors did not seem to be aware of the sym metry break that this canting represents, a new study of the structure would be convenient in order to confirm or discard this peculiar behaviour.
It is remarkable that the noncollinear magnetic structure reported for CsCoBr 3 deviates also scarcely from a collinear arrangement with centrosymmetric symmetry and with a single active irrep. In contrast, the proposed polar magnetic structure for NiTa 2 O 6 is collinear but noncentrosymmetric, and it requires the superposition of two spin waves trans forming according to two different irreps for the same propa gation vector. The magnetic structure of this compound is also controversial, as there is a more recent model, which despite being similar, has a different nonpolar magnetic symmetry.
Conclusions
The symmetry conditions for a commensurate magnetic phase to behave as a type II multiferroic have been reviewed. We have shown that in many cases the knowledge of the space group of the paramagnetic phase, the propagation vector, and the special sites occupied by the magnetic atoms can be sufficient to detect materials with favourable condi tions for exhibiting this type of multiferroic behaviour. Most of the known type II multiferroics satisfy one of the favour able symmetry scenarios presented in this work. Finally, based on the symmetry properties of the magnetic structures reported, we identify some additional materials, which fullfil the necessary symmetry conditions for exhibiting spin driven ferroelectricity.
